Neutral L-amino acids were added to liquid cultures of Pseudomonas syringae pv. atropurpurea that were entering the exponential phase of growth. For each amino acid addition experiment the production of the usual coronafacoyl compounds, coronatine and N-coronafacoyl-L-valine, was diminished and a new product was detected. This was isolated and purified, and established by mass spectrometry and GC analysis of the amino acid released by acid hydrolysis to be the Ncoronafacoyl amide of each L-amino acid added to the culture. Coupling was established to occur between coronafacic acid and the L-amino acids alanine, a-aminobutyric acid, norvaline, isoleucine, alloisoleucine, leucine and norleucine. These results suggest that an intracellular enzyme system is operating which lacks an overall rigid specificity in the coupling (amide bond formation) between coronafacic acid and aliphatic neutral amino acids.
INTRODUCTION
Coronatine is the major phytotoxic product of plant pathogenic strains of Pseudomonas syringae pv. atropurpurea (Reddy & Godkin) Young, Dye & Wilkie (Ichihara et al., 1976; Mitchell, 1982 Mitchell, , 1984 . Two other coronatine-related compounds produced in liquid cultures of the organism are coronafacic acid (Ichihara et al., 1976; Mitchell, 1984) and N-coronafacoyl-Lvaline (Mitchell, 1984 , 1 9 8 5~) .
The discovery of a coronafacoyl derivative of a common L-amino acid led to speculation that the biosynthetic pathway to coronatine may involve coupling (amide bond formation) between coronafacic acid and an L-amino acid such as ~-isoleucine, followed by a cyclization of the amino acid moiety to the cyclopropyl structure. This was supported by labelling experiments (Mitchell, 1985 b) . Two recent reports of compounds produced by a coronatine-producing strain of P. syringae pv. glycinea (Coerper) Young, Dye & Wilkie add further support to this proposal : identification of norcoronatine that formally could be biosynthetically derived from N-coronafacoyl-L-valine (Mitchell, 1985 a ) and the identification of N-coronafacoyl derivatives of L-isoleucine and allo-L-isoleucine (Mitchell & Young, 1985) .
The natural occurrence of a number of N-coronafacoyl-L-amino acid compounds raises the question both of the metabolic control of these side-products, and of the biochemical specificity of the coupling reaction between coronafacic acid and amino acids. Preliminary studies (R. E. Mitchell & E. J. Frey, unpublished) have indicated that the presence of exogenous L-valine or L-isoleucine in the culture has a significant influence on the metabolism of P. syringae pv. atropurpurea. For example, valine suppressed coronatine production relative to that of Ncoronafacoyl-L-valine, presumably by a feedback inhibition of isoleucine biosynthesis, whereas in the presence of isoleucine the converse was observed, a suppression of N-coronafacoyl-Lvaline synthesis, relative to that of coronatine.
The present work was undertaken to gather information on the biochemical specificity of the coupling between coronafacic acid and amino acids in cultures of P. syringae pv. atropurpurea. A study was made of the altered products of the organism after the liquid culture medium was supplemented with individual aliphatic L-amino acids.
R . E . M I T C H E L L A N D E . J . F R E Y M E T H O D S
Culture. The strain of Pseudomonas syringae pv. atropurpurea used was no. 4328 from the Plant Diseases Division Culture Collection, DSIR, New Zealand. Liquid cultures consisted of the medium of Hoitink & Sinden (1970) and were prepared by the procedure those authors used for liquid culture of P . sj-ringae pv. phaseolicolu (Burkholder) Young, Dye & Wilkie and P . syringae pv. glycinea. After liquid cultures had grown for 2 d at 18 "C, at which time they were entering the exponential phase of growth, 2-5 ml of an aqueous solution (about 1 M) of amino acid was added to each 600 ml of medium (per 2 1 flask) so that the final amino acid concentration in the culture at the time of addition was 3.5 mM [ 1 M-NaOH was used, as necessary, to obtain solutions of several of the higher M , amino acids]. Cultures were grown for 3 d after an amino acid addition, and then centrifuged (16000g) to remove bacterial cells. The amino acids added were L-isomers of alanine, a-aminobutyric acid, norvaline, norleucine, isoleucine, alloisoleucine and leucine.
Isolation of coronatine/carbo.rLlic acids. The method used was a modification of that of Mitchell (1984) . In the typical experiment, 4.8 1 of a culture supernatant was adjusted to pH 6.8, if necessary, and concentrated 40-fold. The concentrate was adjusted to pH 6.0 and coronatine and coronafacoyl derivatives were extracted into ethyl acetate (3 x 120 ml). The extract was dried (Na2S0,), filtered and concentrated to 15 ml, then shaken with three successive volumes (4 ml, 3 ml, 2-5 ml) of 0.5 M-KHCO, to isolate the carboxylic acids. The combined extracts, pH 8.8, were washed with 2 x 10 ml ethyl acetate, then adjusted to pH 5.5 and extracted with ethyl acetate (3 x 10 ml). The combined ethyl acetate extracts were dried, filtered and evaporated, yielding a residue of carboxylic acid.
Purification oJ'N-coronafacoyl products. The crude carboxylic acid residue was analysed by G C for the presence of N-coronafacoyl compounds. Each new component was purified firstly by partition column chromatography on LH 20 Sephadex (100 g; 97 x 2.4 cm) utilizing methanol/aqueous 0.05 M-ammonia (1 : 1, v/v). Individual fractions were analysed by GC, then appropriate fractions were subjected to a final purification by preparative TLC, as described by Mitchell (1984) . If necessary, column chromatography on silica gel using chloroform as eluent was utilised prior to preparative TLC (Mitchell, 1985~) .
Bioassay of N-coronafbcoylproducts. Volumes of 3 pl containing 2 nmol of each product, and of coronatine, were applied to young primary leaves of bean plants and the leaf was punctured through the droplet with a needle. Each N-coronafacoyl compound (as listed in Table 2 ) consistently led to a small chlorosis after 3 d that was comparable in size and intensity to the chlorosis produced from 2 nmol coronatine.
Generalprocedures. Samples for G C were methylated at 0 "C with ethereal diazomethane. G C conditions were as used previously for coronatine analysis (Mitchell, 1984) . For quantification of coronatine and N-coronafacoyl compounds, coronatine was used as an external quantitative reference. The detector response was linear for methyl coronatine levels tested between 0-25 and 1.0 pg. Mass spectra of purified products were recorded at 20 eV with an AEI MS 30 mass spectrometer using a direct probe. The amino acid component of each purified Ncoronafacoyl compound was liberated by acid hydrolysis (Mitchell, 1984) and then analysed by G C as the methyl ester/N-trifluoroacetyl derivative as described by Mitchell (19854. 
R E S U L T S A N D DISCUSSION
In each experiment where an amino acid was fed to the culture, a new component was detected in the GC analysis of the unfractionated carboxylic acid product (Table 1 ). The new component was present along with the usual products, coronatine, N-coronafacoyl-L-valine and coronafacic acid. For each amino acid addition experiment, the characteristic component after purification was homogeneous, as determined by GC analysis of its methyl ester derivative.
The product from each addition experiment was characterized by mass spectrometry. Prominent features of the mass spectrum of each product were a base peak at m/z 190, and the characteristic molecular ion peak (Table 1 ). The fragment ion at m/z 190 is indicative of the Ncoronafacoyl ion and is typical for N-coronafacoyl derivatives of amino acids with an aliphatic substituent (Shiraishi etal., 1979; Mitchell, 1985a) . This contrasts with the base peak of m/z 191 observed for coronatine and norcoronatine (Mitchell, 1984 (Mitchell, , 1985 , which are N-coronafacoyl derivatives of amino acids having a cyclopropyl ring-containing substituent. On the basis of these mass spectrometric data the new product from each addition experiment was established to be the N-coronafacoyl derivative of each amino acid added to the culture. The identity and configuration of the amino acid moiety of each product was determined by first hydrolysing the N-coronafacoyl compound with 6 M -H C~ (100 "C) and then subjecting the amino acid hydrolysate to derivatization and analysis by GC. Each amino acid component had the Lconfiguration (Table l) , and the product of each addition experiment therefore was as specified in Table 2 . The formation of the various N-coronafacoyl-L-amino acid compounds by P . syringae pv. atropurpurea provides circumstantial evidence consistent with the proposed biosynthetic pathway between coronafacic acid and coronatine (Mitchell, 1985 b) : that is, first the formation of N-coronafacoyl-L-isoleucine, which is then followed by a sequence that results in cyclopropyl ring formation.
The results of these addition experiments show that P . syringae pv. atropurpurea is active in the coupling of coronafacic acid non-specifically with L-amino acids that bear an aliphatic substituent. The efficiency of the coupling mechanism apparently increases with an increase in the size of the amino acid, since there was a general trend towards a higher yield of addition product from the added amino acids in the order of alanine, ct-aminobutyric acid and norvaline (Table 3 ). When the experiment described in Table 3 was repeated, with amino acids added to an initial concentration of 2.5 mM instead of 3.5 mM, a similar set of results was obtained and the same trends were observed.
We envisage that the coupling between coronafacic acid and amino acids is an active intracellular process that follows uptake of the amino acid. Evidence that supports this comes from the effect we have observed from the addition of t-valine to the growing culture: a marked suppression of the production of coronatine results, which is ascribed to the metabolic Each amino acid was added to 150 ml(2 x 75 ml) of growing culture 2 d 19 h after inoculation, so that the initial amino acid concentration was 3.5 mM. Cultures were harvested after a total of 4 d 19 h growth and the carboxylic acids extracted and quantitatively analysed by GC. When the experiment was repeated with initial amino concentrations of 2.5 mM, a similar set of results was obtained (data not shown).
Yields (pmol per 150 ml) of: regulation, by valine, of isoleucine biosynthesis by means of a feedback mechanism (Gottschalk, 1979) . Because isoleucine has been shown to be a precursor of coronatine (Mitchell, 1985b) , the decrease in coronatine production in the presence of valine may be the result of decreased coupling between isoleucine and coronafacic acid as a result of either the decrease in endogenous isoleucine content, or the 'competitive' decrease as a result of a relatively higher endogenous valine content. A separate experiment demonstrated that the coupling between coronafacic acid and L-norvaline did not occur in the absence of cells: norvaline was added in the usual way both to a growing culture, and to a cell-free solution prepared from the same culture. After a 24 h exposure, extracts of each were taken and GC analysis showed the presence of N-coronafacoyl-L-norvaline only in the extract of the growing liquid culture. The addition of amino acids to the cultures of P . syringae pv. atropurpurea had the overall effect of lowering the yields of the normal products, coronatine and N-coronafacoyl-L-valine (Table 3 ). In the case of the L-norvaline addition experiment, it was apparent that the production of these two usual products of the organism ceased completely, since the concentrations of these components were comparable to those measured in a parallel culture at the time of the norvaline addition.
The absence of specificity in the coupling between coronafacic acid and amino acids is in marked contrast to the cyclization reaction that gives rise to the 2-ethylcyclopropane ring structure of coronatine. In all the addition experiments with P. syringae pv. atropurpurea 4328, coronatine is the sole cyclopropyl ring-containing product. Apparently each of the Ncoronafacoyl amino acid products from the addition experiments (with the possible exception of N-coronafacoylisoleucine) were end-products and not subject to cyclization sequences. Norcoronatine, a cyclopropyl analogue of coronatine recently reported (Mitchell, 1985 a ) from P . syringae pv. glycinea that is thought to be biosynthetically derived from N-coronafacoyl-Lvaline, has not been detected in our investigations with P. syringae pv. atropurpurea.
In conclusion, the formation of a range of N-coronafacoyl compounds by P . syringae pv. atropurpurea in media supplemented with amino acids carries the implication that this organism and other coronatine-producing P . syringae pathovars fail to produce these compounds in a minimal medium because each amino acid is either not metabolically available to the organisms, or is not a product that is genetically possible. However, invasion of a host plant by the organism may provide a source of amino acid that can be coupled to yield a phytotoxic coronafacoyl compound in addition to, or in place of, the expected toxin, coronatine.
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